Introduction
============

Colorectal cancer (CRC) is a common cancer worldwide and is the fourth leading cause of cancer-associated mortality in China ([@b1-ol-0-0-4590]). There are \>1 million CRC incidences and 600,000 mortalities occur anually. Survival is associated with the stage at which the cancer is diagnosed ([@b2-ol-0-0-4590]). The TNM and Dukes\' staging systems have greatly improved the rational stratification of CRC patients and the design of therapeutic strategies ([@b3-ol-0-0-4590]). Early diagnosis results in a highly favorable prognosis, stages 1 and 2 CRC have an 80--90% 5-year survival rate, whereas stages 3 and 4 metastatic diseases have a 5-year survival rate of 60 and 8%, respectively ([@b4-ol-0-0-4590]). Almost 20% of patients are diagnosed at an advanced metastatic stage, and \>50% ultimately develop metastases ([@b5-ol-0-0-4590]).

NVP-BEZ235 as a novel dual phosphatidylinositol 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) inhibitor currently in phase I/II clinical trials has demonstrated significant antitumor efficacy in diverse solid tumors, including CRC ([@b6-ol-0-0-4590]). NVP-BEZ235 targets PI3K/mTOR pathways by binding to the ATP-binding pocket and has a dual role in inhibiting multiple class I PI3K isoforms and mTOR kinase activity ([@b7-ol-0-0-4590]). The PI3K/mTOR signaling pathway is involved in various types of cancer, including CRC, and this pathway regulates tumorigenesis in many important aspects, such as cell proliferation, angiogenesis, invasion and cell motility ([@b8-ol-0-0-4590]--[@b10-ol-0-0-4590]). PI3Ks is a family of lipid kinase and each member is composed of two heterologous subunits. Active PI3Ks can convert phosphatidylinositol 4, 5-bisphosphate to phosphatidylinositol 3, 4, 5-triphosphate (PIP3) by phosphorylating at the 3-position of the inositol ring. PIP3 provides binding sites for pleckstrin homology-containing proteins such as 3-phosphoinositide-dependent protein kinase-1 (PDK1) and AKT serine/threonine kinase ([@b11-ol-0-0-4590]). AKT activated by PDK1 is able to phosphorylate many protein targets at the membrane such as caspase-9, tuberin, murine double minute 2, and mTOR. mTOR is a serine/threonine kinase that regulates cell proliferation and apoptosis by binding other proteins to form the mTOR complex 1 (mTORC1) or mTORC2 ([@b12-ol-0-0-4590]). AKT activation involves the regulation of cell proliferation, survival, and motility.

Autophagy is an intracellular catabolic process that recycles unnecessary cell components and damaged organelles in order to maintain cellular homeostasis and reduce diverse stresses, commonly through lysosomes ([@b13-ol-0-0-4590]). Autophagy has a dual role of tumor promoter and tumor inhibitor in the cancer cells. It leads to genetic instability by preventing inflammation and necrosis, otherwise it might provide energy via recycling mechanism that is vital to tumor progression during the unfavorable condition, such as starvation or hypoxia ([@b14-ol-0-0-4590]--[@b18-ol-0-0-4590]). Many chemotherapeutic agents, especially drugs effecting through PI3K/mTOR inhibition such as dual PI3K/mTOR inhibitor are observed to induce autophagy, and mTOR is the central checkpoint that negatively regulates autophagy ([@b19-ol-0-0-4590],[@b20-ol-0-0-4590]).

We hypothesized that autophagy inhibition enhance the therapeutic outcome of NVP-BEZ235 in CRC treatment based on previous studies. Thus, we examined the anticancer effect of PI3K/mTOR dual inhibitor NVP-BEZ235 on CRC and assessed whether autophagy inhibitors were able to enhance NVP-BEZ235 efficacy in the therapeutic regimen.

Materials and methods
=====================

### Materials

The antibodies (p-AKT, p-S6, PARP, LC3 and P62) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). NVP-BEZ235 was purchased from LC Laboratories (Woburn, MA, USA). 3-Methyladenine (3-MA), chloroquine (CQ) and 3-(4,5-dimetrylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich China, Inc. (Shanghai, China).

### Cell viability assay

SW480 cells were plated in 96-well plates at a density of 1.0×10^4^ cells/well in 200 µl of complete medium. After NVP-BEZ235 treatment, MTT reagent (10 µl, 5 mg/ml) was added to the wells and incubated for 4 h. MTT treated cells were then dissolved in 150 µl DMSO and the absorbance was recorded at a wavelength of 490 nm using ?. Each treatment was performed in triplicate.

### Western blott analysis

SW480 cells were washed with cold phosphate-buffered saline twice following treatment with NVP-BEZ235. Radioimmunoprecipitation assay buffer (200 µl) was added and the cell lysates were agitated and centrifuged for 3,000 × g for 20 min, at 4°C. Protein concentration was detected by bicinchoninic acid protein assay. Proteins (45 µg) were loaded and run through 12% (w/v) sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Proteins were then transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was then blocked with 5% (w/v) skimmed milk for 120 min at room temperature (20°C) and primary antibodies were added and incubated overnight at 4°C. The following day, PVDF membranes were incubated with secondary antibodies for 60 min. Tanon Gel Imaging System (Tanon Co., Shanghai, China) was used for the semi-quantitative analysis of proteins.

### Flow cytometry

Following the treatment of SW480 cells with NVP-BEZ235, SW480 cells were incubated at 37°C in the dark for 45 min with Annexin V-fluorescein isothiocyanate (Invitrogen-Life Technologies, Carlsbad, CA, USA) and propidium iodide (Invitrogen Life Technologies) to detect the apoptotic rate. The cells were analyzed using a FACScan flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

### Statistical analysis

Data were presented as mean ± standard deviation. Data were representative of three independent experiments performed in triplicate. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### NVP-BEZ235 inhibits the growth of SW480 cells and PI3K/AKT/mTOR signaling pathway

The NVP-BEZ235 treatment of SW480 cells reduced cell viability in a dose- and time-dependent manner ([Fig. 1A and B](#f1-ol-0-0-4590){ref-type="fig"}). NVP-BEZ235 also caused a decrease in the expression of p-AKT and p-S6 proteins in SW480 cells ([Fig. 1C and D](#f1-ol-0-0-4590){ref-type="fig"}) and this decrease was dose-dependent.

### NVP-BEZ235 induces apoptosis in SW480 cells

The flow cytometric analysis revealed that, the NVP-BEZ235 treatment increased the rate of apoptosis in SW480 cells ([Fig. 2A](#f2-ol-0-0-4590){ref-type="fig"}). To further confirm this result, we detected the expression of cleaved PARP protein which is widely considered as an apoptosis indicator. The NVP-BEZ235 treatment significantly increased the expression of cleaved PARP protein in SW480 cells ([Fig. 2B and C](#f2-ol-0-0-4590){ref-type="fig"}).

### Autophagy occurs in SW480 cells treated with NVP-BEZ235

The treatment of SW480 cells with NVP-BEZ235 affected the expression of light chain 3 (LC3) (LC3-I and LC3-II) and p62 proteins involved in the process of cellular autophagy. As shown in [Fig. 3A and B](#f3-ol-0-0-4590){ref-type="fig"}, NVP-BEZ235 treatment increased the expression of LC3-II, whereas it decreased the expression of p62 ([Fig. 3C and D](#f3-ol-0-0-4590){ref-type="fig"}).

### Autophagy synergistically increases apoptosis induced by NVP-BEZ235

Autophagy can lead to a pro-survival or pro-death effect through apoptosis that is induced by the antitumor agent depending on different circumstances. In the present study, the autophagy inhibitors 3-MA and CQ were used to examine the role of autophagy in NVP-BEZ235-induced apoptosis in SW480 cells. The combination NVP-BEZ235+3-MA showed a higher growth inhibition in SW480 cells than NVP-BEZ235 alone ([Fig. 4A](#f4-ol-0-0-4590){ref-type="fig"}). A similar result was observed in SW480 treated with the combination NVP-BEZ235+CQ ([Fig. 4B](#f4-ol-0-0-4590){ref-type="fig"}). We also assessed the level of expression of cleaved PARP protein in SW480 cells treated with the combination NVP-BEZ235+3-MA and NVP-BEZ235+CQ. As shown in [Fig. 4C and D](#f4-ol-0-0-4590){ref-type="fig"}, NVP-BEZ235 in combination with 3-MA enhanced the expression of cleaved PARP as combined to NVP-BEZ235 alone in SW480 cells. Similarly, the expression of cleaved PARP protein was higher in SW480 cells treated with the combination of NVP-BEZ235 and CQ as combined to NVP-BEZ235 alone ([Fig. 4E and F](#f4-ol-0-0-4590){ref-type="fig"}).

Discussion
==========

CRC is a heterogeneous disease and its development commonly spans approximately 10--15 years as a result of the accumulation of diverse genetic and epigenetic alterations. Early detected CRC is potentially curable via surgical resection followed with adjuvant chemotherapy or radiotherapy. However, the treatment is of limited efficacy for advanced CRC, which increases the mortality to a high level ([@b21-ol-0-0-4590],[@b22-ol-0-0-4590]).

The PI3K/mTOR signaling pathway is involved in tumorigenesis in many important aspects, such as cell proliferation, angiogenesis, invasion, as well as cell survival and motility ([@b10-ol-0-0-4590]). Previous studies identified PI3K/mTOR signaling downregulation in various types of cancer, including breast cancer ([@b23-ol-0-0-4590]), hepatocellular cancer ([@b24-ol-0-0-4590]), lung cancer ([@b25-ol-0-0-4590]), pancreatic adenocarcinoma ([@b26-ol-0-0-4590]), and CRC ([@b27-ol-0-0-4590]). Thus, targeting the PI3K/mTOR pathway has become a promising and intense research field over the last 10 years aiming to develop effective novel anticancer agents. The PI3K/mTOR inhibitor has experienced two generations of the drugs LY294002, wortmannin and rapamycin, and its derivatives. These drugs belong to the first-generation inhibitor with low efficacy and has severe side effects ([@b28-ol-0-0-4590]--[@b30-ol-0-0-4590]). NVP-BEZ235 is one of the second generation inhibitors with improved pharmacological properties currently under evaluation in a phase I/II clinical trial ([@b6-ol-0-0-4590],[@b31-ol-0-0-4590],[@b32-ol-0-0-4590]). In the present study, we firstly examined the impact of NVP-BEZ235 on SW480 CRC cells and our results supported those of previous studies, in which NVP-BEZ235 effectively inhibited the survival of CRC cells in a time- and dose-dependent manner.

As mentioned earlier, AKT is the key node of the PI3K/mTOR signaling pathway and its activation by PDK1 is able to phosphorylate many protein targets, including mTOR, at the membrane thereby regulating cell proliferation, apoptosis, survival, and motility ([@b8-ol-0-0-4590]--[@b12-ol-0-0-4590]). AKT phosphorylation involves the activity of PI3K and AKT kinases, whereas S6K phosphorylation directly reflects mTOR kinase activity ([@b33-ol-0-0-4590]). Thus, we further investigated the abundance of phosphorylated AKT and S6K in SW480 cells after NVP-BEZ235 treatment. The results were in accordance with studies of other tumors in which NVP-BEZ235 inhibited the PI3K/mTOR signaling pathway ([@b6-ol-0-0-4590],[@b31-ol-0-0-4590],[@b34-ol-0-0-4590]--[@b36-ol-0-0-4590]).

Our study also showed that, NVP-BEZ235 induced apoptosis and autophagy in a dose-dependent manner in SW480 CRC cells. Autophagy is known as the basic catabolic mechanism that degrades cellular components, which are unnecessary or dysfunctional, through the lysosomal pathway ([@b13-ol-0-0-4590]). In recent studies, autophagy is well demonstrated as a tumor promoter via a recycling mechanism that is vital to tumor progression during chemotherapy with antitumor agents ([@b14-ol-0-0-4590]--[@b18-ol-0-0-4590]). Previous findings have revealed that, the PI3K/mTOR pathway inhibition induced autophagy as a mechanism of cell death or drug resistance ([@b37-ol-0-0-4590],[@b38-ol-0-0-4590]). Autophagy is reported to have a crosstalk with apoptosis that under certain circumstances may suppress apoptosis serving as a cell survival pathway ([@b39-ol-0-0-4590]). On the other hand, autophagy blockage may enhance the pro-apoptotic effects of PI3K/mTOR inhibitors in preclinical studies ([@b26-ol-0-0-4590],[@b40-ol-0-0-4590]) and it is evident that our results support the latter.

Taking the above findings into account, it was found that inhibiting autophagy enhanced the efficacy of NVP-BEZ235 in CRC. The synergistic effect of the autophagy inhibitor observed in the present study was also observed in glioma ([@b41-ol-0-0-4590]) and malignant peripheral nerve sheath tumors in previous studies ([@b42-ol-0-0-4590]).

Collectively, our findings suggest autophagy inhibition as a potential strategy to enhance the therapeutic efficacy of dual PI3K/mTOR inhibitor in CRC treatment.

![(A) SW480 cells treated with NVP-BEZ235 (10, 50 and 100 nM) for 24 h. (B) SW480 cells treated with NVP-BEZ235 for 12, 24 and 48 h. MTT assay was used to detect cell viability. (C) Expression of p-AKT and p-S6 proteins in SW480 cells treated with NVP-BEZ235 (10, 50 and 100 nM) for 24 h. (D) Quantitative analysis of p-AKT and p-S6 proteins, n=3. \*P\<0.05 vs. control.](ol-12-01-0102-g00){#f1-ol-0-0-4590}

![SW480 cells treated with NVP-BEZ235 (10, 50 and 100 nM) for 24 h. (A) Percent age of apoptotic cells. (B) Expression of cleaved PARP. (C) Quantitative analysis of cleaved PARP. Data are presented as mean ± standard deviation, n=3. \*P\<0.05 vs. control group.](ol-12-01-0102-g01){#f2-ol-0-0-4590}

![SW480 cells treated with NVP-BEZ235 (10, 50 and 100 nM) for 24 h. (A) Expression of light chain 3 (LC3)-I and LC3-II. (B) Quantitative analysis of LC3-II. (C) Expression of p62. (D) Quantitative analysis of p62. Data are presented as mean ± standard deviation, n=3, \*P\<0.05 vs. control group.](ol-12-01-0102-g02){#f3-ol-0-0-4590}

![SW480 cells treated with NVP-BEZ235 in combination with autophagy inhibitors. (A) SW480 cells treated with NVP-BEZ235 (50 nM)+3-methyladenine (3-MA) (5 mM) for 24 h. (B) SW480 cells treated with NVP-BEZ235 (50 nM)+chloroquine (CQ) (10 mM) for 24 h. (C) Expression of cleaved PARP in SW480 cells treated with NVP-BEZ235 (50 nM)+3-MA (5 mM) for 24 h. (D) Quantitative analysis of cleaved PARP. (E) Expression of cleaved PARP in SW480 cells treated with NVP-BEZ235 (50 nM)+CQ (10 mM) for 24 h. (F) Quantitative analysis of cleaved PARP. Data are presented as mean ± standard deviation, n=3, \*P\<0.05 vs. control group, ^\#^P\<0.05 vs. NVP-BEZ235.](ol-12-01-0102-g03){#f4-ol-0-0-4590}
